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ABSTRACT 
Decades of anthropogenic pressure have devastated lotic ecosystems across the 
riverscapes of North America, resulting in degradation of critical habitat and contributing to 
sharp declines in biotic integrity. In response, local stream restoration projects have increased in 
frequency. However, little effort has been allocated to monitoring and project success has been 
limited. In addition, restoration projects typically focus on ecological effects above the 
population-level, while relationships with physiological processes are seldom assessed. Lessons 
from the long-term restoration and ecological monitoring of Kickapoo Creek highlight some of 
the complex dynamics driving reach-scale restoration projects. Following instream restoration, I 
predicted that alterations to critical habitat would stimulate community-level biotic response and 
increases in biotic integrity. Further, shifts in ecology and distribution of fish following 
restoration would be linked to the energetic costs associated with navigating complex flows. To 
examine the relationships between community dissimilarity and habitat alteration, seven 200 m 
reaches were monitored annually during a seven-year study period. Using barge electrofishing 
surveys and a Qualitative Habitat Evaluation Index, I investigated distribution patterns of fishes 
along a gradient of habitat conditions. Following implementation of artificial riffles, rip-rap, 
scouring keys, and riparian vegetation I observed distinct temporal and spatial shifts in fish 
community structure. While biotic integrity remained in moderately low condition in reference 
assemblages, monitoring in restored reaches depicted a delayed temporal response to restoration. 
In restored sites biotic integrity was positively linked to additional instream habitat and altered 
channel morphology. Larger substrate sizes, submerged terrestrial vegetation, and deep scour 
pools reduced siltation and provided necessary refuge to facilitate long-term recovery of 
degraded fish communities. To better understand the relationships between stream habitat, 
lll 
altered flows, and energetic costs, I measured metabolic oxygen consumption in Longear 
Sunfish, Lepomis megalotis, swimming in turbulent flow. Fish swam in two flow regimes: quasi­
laminar (control), and turbulence simulated by three vertical streets of vortices. Fish were 
adversely affected by turbulent vortices, and consumed on average 24.8% more oxygen in 
altered flows. Longear Sunfish also responded strongly to habitat alteration in Kickapoo Creek. 
Significant regression models linked abundance of Longear Sunfish with deep, slow-moving silt­
bottom channels with abundant boulders and submerged vegetation. Ecomorphological models 
for Longear Sunfish suggest that increased metabolic demands associated with navigating 
complex turbulent flows may help explain habitat use and behavior. I highlight the need for more 
comprehensive assessment of restoration efforts. I also demonstrate the ability to use structural 
restoration as an effective management tool to mitigate loss of biotic integrity. Future work 
should include long-term continuous temporal and spatial reference monitoring combined with 
comprehensive ecomorphological models to accurately assess the effects of instream restoration. 
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INTRODUCTION 
Human actions have caused excessive damage to aquatic ecosystems, diminishing 
resources on a global scale (Vitousek et al . ,  1 997). Decades of anthropogenic pressure have 
especially devastated lotic ecosystems in North America, resulting in degradation of instream 
habitat and contributing to sharp declines in biotic integrity (NRC, 1 992) . In addition, habitat 
degradation continues to alter natural flow and sediment regimes (Poff et al . ,  1 997; Wohl et al . ,  
20 1 5),  further reducing the function of aquatic ecosystems. For example, agriculture and human 
influences in the Midwest have led to increased levels of runoff and siltation. Fine sediments can 
reduce habitat availability for feeding, reproduction, and refuge for biota by embedding course 
substrate and eliminating interstitial spaces (Berkman and Rabeni, 1 987) .  In tum, this has had a 
tremendous impact on the fauna within impacted waterways (Berkman and Rabeni, 1 987;  Wood 
and Armitage, 1 997; Walser and Bart, 1 999). There is undoubtedly a great need for mitigation to 
preserve and restore the integrity of these exploited resources. 
In response to degradation, stream restoration projects have become increasingly frequent 
(Moerke and Lamberti, 2003 ; Lake et al . ,  2007) . Unfortunately, comparably little effort has been 
allocated to monitoring (NRC, 1 992; Moerke and Lamberti, 2003 ; Palmer et al . ,  2005 ; Roni, 
2005; Alexander and Allan, 2007). With limited resources available for comprehensive 
assessments, many restoration projects often fall by the wayside. Even when ecological 
restorations are monitored successfully, results may be ambiguous and project success continues 
to vary (Bond and Lake, 2003a; Pretty et al . ,  2003 ; Roni, 2005). A major limitation to successful 
ecological restoration is project scale. Projects are often constrained temporally, and must factor 
in a variety of issues affecting biotic integrity in order to meet project goals (Bond and Lake, 
2003b ) .  Since biotic response to alteration can be quite delayed (Fitzgerald et al . ,  1 998) it is 
1 
important to allow appropriate time for biota to respond in degraded systems (Roni, 2005) . 
Studies are also limited spatially by the scale of monitoring. When implemented in support of 
larger watershed-level conservation, local restoration can reduce rates of sedimentation 
(Berkman and Rabeni, 1 987 ;  Rabeni and Smale, 1 995;  Wood and Armitage, 1 997) . Conversely, 
substantial watershed-level degradation may spatially constrain reach-scale projects by 
confounding habitat and biotic responses (Palmer et al . ,  1 997; Bond and Lake, 2003a; Lake et 
al . ,  2007). 
It is especially important to consider local habitat fragmentation, disturbance to refugia, 
and the influence of organismal life history on project success (Lake et al . ,  2007). Fragmentation 
can occur in several dimensions including temporal, lateral, and longitudinal (Amoros and 
Bomette, 2002). In small streams, lateral and longitudinal connectivity may be impeded by 
physical barriers (Bond and Lake, 2003b ), and is largely affected by flow and sediment regimes 
(Poff et al . ,  1 997; Maddock, 1 999; Wohl et al . ,  20 1 5) .  Additionally, monitoring is often limited 
to examining ecological interactions at the population and community-levels. Since 
anthropogenic habitat alteration also disturbs fishes at the organismal-level (Wikelski and Cooke, 
2006), it is important to consider the additional impacts of restoration on physiological processes 
which may underlie shifts in ecology. 
Metabolic rate may govern organismal life history and behavior, and can serve as a useful 
measure of ecological effects (Brown et al. 2004) . Since fish require energy to grow and 
reproduce, increased metabolic demands resulting from altered flows may be detrimental to 
productivity, and could limit biotic response following habitat alteration. Turbulence is 
unpredictable, highly variable, and perhaps the most complex dynamic to consider in flowing 
systems (Cotel and Webb, 201 5) .  Consequently, interactions between aquatic organisms and 
2 
turbulent flows have been quite diverse (Liao, 2007; Lacey et al . ,  201 1 ) . Research has linked 
habitat use and behavior among stream fish to structures shedding turbulent vortices (Breder, 
1 965).  Stream fish are highly dependent on refugia (Lake et al . ,  2007) and have shown 
preference to entraining behind natural structures such as large boulders (Shuler et al . ,  1 994) and 
logs (McMahon and Gordon, 1 989) .  In the laboratory, fish will readily station hold behind 
artificial cylinders and cones of varying shapes, orientations and sizes (Sutterlin and Waddy, 
1 975;  Webb, 1 998 ;  Liao et al . ,  2003) .  However, some species may demonstrate dissimilar 
avoidance patterns in turbulent streams, evading areas of high intensity through specific 
positioning within the water column (Cote} et al . ,  2006) . Flow complexity has also been linked to 
increased cost of transport in coldwater migratory fishes (Enders et al . ,  2003 ; Enders and 
Boisclair, 20 1 6) .  Similarly, estuarine (Roche et al . ,  20 1 4) and warmwater species (Tritico and 
Cotel, 20 1 0; Maia et al . ,  201 5) have experienced decreased swimming performance and 
increased energetic costs in complex flow regimes. There remains a great need to examine the 
relationships between turbulent flow and behavior in swimming fishes (Cotel and Webb, 20 1 5) .  
Further, examination of the interactions between turbulent flow, and physiology may help better 
predict species response to stream habitat alteration. 
Overall, few studies have examined in detail the physical changes to habitat and linkages 
to biotic processes closely associated with restoration (Bond and Lake, 2003a, Palmer et al . ,  
2005 ; Roni, 2005). While recent guidelines have helped organize restoration monitoring efforts 
(e.g. Palmer et al . ,  2005;  Roni, 2005), project scale and methodology varies widely, and factors 
affecting habitat and biotic responses in altered streams remain unclear. In addition, shifts in 
community-level biotic response following instream restoration are infrequently studied (White 
et al . ,  2009), and little is currently understood regarding interactions between habitat alteration, 
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turbulence, and biota. Thus, it is imperative that research begins to unravel the complex 
ecomorphological dynamics driving community interactions in anthropogenically altered 
streams. 
During this study I use a multidiscipline approach to highlight and predict the drivers of 
biotic response following instream restoration. The purpose of this study is two-fold: I will 
determine the long-term impacts on fish community structure following an instream habitat 
restoration project, and address the ecomorphological and physiological drivers influencing 
distribution of fish in relation to altered streamflow. Using an extensive long-term database, I 
will describe changes in fish community dissimilarity in the six years following implementation 
of artificial riffles, rip-rap, scouring keys, and riparian vegetation in Kickapoo Creek, East­
Central Illinois. 
Given increases in habitat heterogeneity, I predict that ( 1 )  increased stability and 
additional refugia will support long-term community-level biotic response and drive increases in 
biotic integrity, and (2) shifts in community structure are linked to long-term alteration of critical 
instream habitat. To examine physiological mechanisms underlying shifts in species 
distributions, I will use Longear Sunfish, Lepomis megalotis, as a study species to test the 
energetic costs of swimming in complex flows. Using data collected on Longear Sunfish across a 
gradient of habitat conditions I will build an ecomorphological model to link swimming 
performance to habitat use and distribution. I expect that (3) Longear Sunfish swimming will 
become destabilized by complex flows, leading to decreased swimming performance and 
increased cost of transport. Additionally, I predict that (4) distribution patterns will reflect 
locomotor ability, with fish occupying in greater numbers those habitats with abundant flow 
refugia and decreased velocities. 
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MANAGING STRUCTURAL RESTORATION: ECOLOGICAL MONITORING AND 
FACTORS DRIVING COMMUNITY STRUCTURE IN A RESTORED STREAM 
ABSTRACT 
Decades of anthropogenic pressure have devastated lotic ecosystems across the 
riverscapes of North America, resulting in the degradation of critical habitat and contributing to 
sharp declines in biotic integrity. In response, local stream restoration projects have increased in 
frequency. However, little effort has been allocated to monitoring and project success has been 
limited. Lessons from the long-term restoration and ecological monitoring of Kickapoo Creek in 
East-Central Illinois highlight some of the complex dynamics driving reach-scale restoration 
projects . Following implementation of artificial riffles, rip-rap, scouring keys, and riparian 
vegetation, I observed distinct temporal and spatial shifts in community structure in the six years 
following restoration. While biotic integrity remained in moderately low condition in reference 
assemblages, monitoring in restored reaches depicted a delayed temporal response to restoration. 
In restored sites biotic integrity was positively linked to additional instream habitat and altered 
channel morphology. Larger substrate sizes, submerged terrestrial vegetation, and newly-formed 
scour pools reduced siltation and provided necessary refuge to facilitate long-term recovery of 
degraded fish communities. I demonstrate the ability to use structural restoration as an effective 
management tool to mitigate loss of biotic integrity through long-term alteration of critical 
habitat. I also emphasize the need for long-term continuous temporal and spatial reference 
monitoring to accurately assess the effects of instream restoration. 
8 
INTRODUCTION 
Decades of anthropogenic pressure have devastated lotic ecosystems across the 
riverscapes of North America, resulting in degradation of instream habitat and contributing to 
sharp declines in biotic integrity (NRC, 1 992) . For example, agricultural practices in the 
Midwest have prompted increased levels of bank erosion and sedimentation, leading to a loss of 
critical habitat for aquatic organisms (Berkman and Rabeni, 1 987 ;  Wood and Armitage, 1 997;  
Walser and Bart, 1 999). In response, local stream restoration projects are increasingly frequent 
(Moerke and Lamberti, 2003 ; Lake et al . ,  2007), yet comparably little effort has been allocated to 
monitoring (NRC, 1 992; Moerke and Lamberti, 2003 ; Palmer et al . ,  2005; Roni, 2005). Given 
the limited resources available, restoration projects often yield ambiguous results and may 
experience reduced project success (Bond and Lake, 2003a; Pretty et al . ,  2003 ; Roni, 2005) .  In 
turn, few studies have examined in detail the physical changes to habitat and linkages with biotic 
processes closely associated with restoration (Bond and Lake, 2003 a, Palmer et al . ,  2005 ; Roni, 
2005).  While recent guides have helped organize restoration monitoring efforts (e.g. Palmer et 
al . ,  2005 ; Roni, 2005), project scale and methodology varies widely, and factors affecting habitat 
and biotic responses in altered streams remain unclear. 
Reach-scale restoration projects may effectively mitigate ecological damage (Moerke and 
Lamberti, 2003 ; Palmer et al . ,  2005; Lake et al . ,  2007). When implemented in support of larger 
watershed-level conservation, local restoration can reduce rates of sedimentation and runoff 
through addition of riparian buffer strips and alteration of instream habitat (Berkman and Rabeni, 
1 987 ;  Wood and Armitage, 1 997; Rabeni, 2003) .  Conversely, substantial watershed-level 
degradation may spatially constrain reach-scale projects by confounding habitat and biotic 
responses (Palmer et al . ,  1 997; Bond and Lake, 2003a; Lake et al . ,  2007). In addition, reach-scale 
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restoration projects are also constrained temporally, and must factor in a variety of issues 
affecting biotic integrity in order to meet project goals (Bond and Lake, 2003b ). It is especially 
important to consider habitat fragmentation, disturbance to refugia, and the influence of 
organismal life history on project success (Lake et al . ,  2007). Fragmentation can occur in several 
dimensions including temporal, lateral, and longitudinal (Amoros and Bomette, 2002) . In small 
streams, lateral and longitudinal connectivity may be impeded by physical barriers (Bond and 
Lake, 2003b), but are largely affected by flow and sediment regimes (Poff et al . ,  1 997; Maddock, 
1 999; Wohl et al . ,  20 1 5) and may yield considerable impacts on biota. 
Lotic fishes depend on various refugia to survive in complex three-dimensional 
environments. Primary sources of refuge in flowing systems comprise physical habitat such as 
large woody debris, substrate, and vegetation, but may also include areas of thermal variability. 
For example, Salmonid species of the Northwestern USA are often dependent on thermal 
refugia, and may utilize these areas to inhabit waters nearing tolerance limits (Torgersen et al . ,  
1 999; Ebersole et al . ,  200 1 ) .  Thermal shading also benefits fauna in warm water streams, and can 
affect seasonal habitat use, distribution, and behavior of a variety of stream fish (Petersen and 
Rabeni, 1 996) . Habitat use and productivity in fish have also been linked to instream structures, 
which undoubtedly serve as crucial sources of refuge for many species. Coarse substrate and 
boulder cover provide diverse and stable habitats in degraded systems, and may also promote 
productivity of aquatic macroinvertebrates (Fischenich, 2003; White et al . ,  2009) . Course woody 
debris and vegetation also benefit stream ecosystems, and can function to increase channel 
depths and reduce siltation (Angermeier and Karr, 1 984) .  Given the impacts on habitat use and 
productivity, instream habitat alteration may also influence fish community structure. Woody 
debris, terrestrial vegetation, and boulder cover have been linked to community composition in 
1 0  
agricultural streams of the Midwest, and have been recommended for use in stream restoration 
projects (Talmage et al . ,  2002) . Consequently, restorations often target increases in the 
heterogeneity of these habitats (Whiteway et al . ,  20 1 0) ,  yet few projects have examined the 
relationships between restoration of instream habitat, the parameters that it affects, and the 
resulting shifts in community-level biotic response (White et al . ,  2009) . Thus, it is imperative 
that research continues to unravel the complex dynamics driving community interactions in 
anthropogenically altered streams. 
This study aims to determine the long-term impacts on fish community structure 
following an instream habitat restoration project in Kickapoo Creek, East-Central Illinois. 
Operating at the reach-scale, this project and subsequent monitoring is supported under the larger 
Embarras River watershed monitoring plan (Illinois Environmental Protection Agency; IEP A) . 
This project utilizes artificial riffles, boulder rip-rap, scouring keys, and streambank vegetation 
to reduce erosion and improve regional geomorphic stability. Using an extensive long-term 
database and community baselines developed in reference and restoration sites, I assess changes 
in community structure and biotic integrity in the six years following restoration. Given increases 
in habitat heterogeneity, I predict ( 1 )  increased stability and additional refugia will support long­
term community-level biotic response and drive increases in biotic integrity, and (2) shifts in 
community structure are linked to long-term alteration of critical instream habitat. 
METHODS 
Study Area 
Kickapoo Creek (Latitude 39°27 ' ,  Longitude 88° 1 3  ' )  is a fourth-order, low gradient 
stream which originates south of Mattoon, Illinois and flows east for nearly 66 stream km until 
1 1  
meeting its confluence with the Embarras River (Figure 1 . 1 ) . Draining approximately 265 km2, 
this human-impacted system is subjected to multiple anthropogenic pressures within a relatively 
small basin. Land use within the Kickapoo Creek watershed consists primarily of agriculture, 
disconnected fragments of forest, grasslands, and urban stressors (e.g. road crossings, golf 
course, sewage treatment plant, and residential area) . 
As part of the larger Embarras River watershed, a region which has been identified by the 
IEP A as a watershed of concern, this tributary has been a recent site of restoration and mitigation 
efforts. Prior to an instream restoration project, all study reaches shared similar habitat 
characteristics, consisting of shifting sand-gravel substrates and elevated levels of bank erosion 
and sedimentation. Following a chemical-induced fish kill in 200 1 ,  mitigation efforts from 
Illinois Department of Natural Resources (IDNR) and IEPA enabled the structural restoration of 
over 400 m of streambank and main channel habitat in September 20 1 0 . In an effort to improve 
habitat heterogeneity, and thus biotic integrity, restoration included construction of two artificial 
Newbury riffles (Newbury Hydraulics, Okanagan Centre British Colombia, Canada), which 
increased average water depths and simulated scour pool hydraulics within the restoration reach. 
Rip-rap was employed along both streambanks in the form of boulder cover, and scouring keys 
were used to facilitate geomorphic stabilization and improve hydrologic conditions. 
Additionally, revegetation of streambanks further aided the recovery of riparian habitat and 
helped to reduce bank erosion. Restoration of riparian vegetation included a wide heavy crop 
filter strip (i .e .  Winter Wheat Triticum spp. ), and an assortment of native prairie grasses (e.g. Big 
Bluestem Andropogen gerardii, Switch Grass Panicum virgatum, and Indian Grass Sorghastrum 
nutans) planted in thin filter strips along each bank. 
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Habitat Assessment 
Stream habitat and integrity were monitored annually in the fall using the Qualitative 
Habitat Evaluation Index (QHEI; Rankin, 1 989). Beginning immediately after the restoration in 
summer 20 1 0, habitat was examined in three fixed 200 m sites- two located within the larger 
restoration reach and associated with each artificial riffle, and one site approximately 1 .8 km 
upstream which served as a reference, or control. In 20 1 2, an additional reach was added 
approximately 1 . 8 km downstream of the restoration reach as an added reference. In teams of 
two researchers, each site was divided into ten equidistant transects where depth and substrate 
measures were taken at specified intervals along the width of the channel. Relative abundance of 
instream and riparian habitat was also estimated between each transect using a standard QHEI 
protocol. Water quality variables (dissolved oxygen, specific conductivity, water temperature, 
and pH) were collected instantaneously during each sampling event using a YSI multimeter 
probe (YSI Inc. ,  Ohio, USA) .  Additionally, continuous in situ nitrate, temperature, and dissolved 
oxygen levels were monitoring by the US Geological Survey (USGS), and recorded using two 
monitoring stations located within the restoration reach and near the upstream reference. 
During the 20 1 4  and 20 1 5  sampling periods, ecological monitoring began at an additional 
three sites located within in the upstream reaches of Kickapoo Creek near Mattoon, Illinois 
(Figure 1 . 1 ). These areas were identified as impacted regions, characterized by decreased 
geomorphic stability with elevated levels of bank erosion and siltation. I identified these areas as 
potential candidates which could benefit from a similar reach-scale restoration project. 
Fish Sampling 
To account for variation in seasonal assemblage patterns and reproduction, communities 
were sampled annually in the fall at baseflow water conditions, and concurrently with habitat 
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monitoring. Blocking seines (mesh size, 5 mm) were employed during sampling at the upstream 
and downstream ends of four 200 m sites; however, fish were only added to the sample from the 
downstream seine. Teams of six researchers conducted single-pass, complete removal 
electrofishing surveys within each site using standardized protocols (Rabeni et al . ,  2009) . I 
sampled all available habitats within the stream channel, and recorded pedal time as a measure of 
sampling effort. Whenever feasible, fishes were weighed (nearest gram), measured (nearest 
millimeter), identified to species and released unharmed near each site. Fishes that were unable 
to be identified in the field were euthanized using a lethal dose of MS-222, fixed in a 1 0% 
formalin solution, and later stored in 75% ethanol before further identification using a taxonomic 
key (Pflieger 1 997). 
Our initial electrofishing protocol (2009-20 1 3) utilized an 8 m AC electrified seine 
equipped with two electrodes operating at the terminal ends of a series of copper droppers, a tow 
barge and a 2000 W generator (Bayley et al . ,  1 989) .  While the AC seine is a highly effective 
sampling gear in wadeable Midwestern streams (Bayley et al . ,  1 989), it may also lead to elevated 
rates of injury and mortality among stream fish (Bayley et al. ,  1 989; Snyder, 2003) .  Fish 
community sampling resumed in 20 1 4  using an advanced DC barge electrofishing unit equipped 
with three anodes, a 3 500 W generator and Infinity electrofishing control box (Midwest Lake 
Management, Inc., Missouri, USA) used to modulate waveform and power goals (Miranda, 
2009) . 
In comparison, DC barge electro fishing has relatively low documented rates of mortality 
in warmwater fishes (Bardygula-Nonn et al . ,  1 995 ; Dolan and Miranda, 2004) and low 
interannual and spatial variation in community sampling (Meador and Mcintyre, 2003) .  In 
addition, DC electrofishing induces galvanotaxis, or forced swimming towards the anode, which 
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may help mitigate decreased capture efficiency in deep scour pools. Further, a recent study by 
Favata et al . (in preparation) quantified gear selectivity using AC electric seine and DC barge 
electrofishing in a wadeable Midwestern stream. They found no significant difference in 
community structure between gear types, and assemblage variation was better explained by 
spatial dissimilarity rather than sampling gear. By switching to pulsed DC barge electrofishing, I 
was able to effectively maintain efficient power goals based on temperature and conductivity 
(Miranda, 2009) and utilized consistent waveform settings (25% duty cycle; 60 Hz pulse rate) to 
minimize rates of injury and mortality while simultaneously sampling an equally robust and. 
diverse assemblage of fish. 
Data Analysis 
To analyze community data, fish assemblages were aggregated based upon taxonomic 
families (Pflieger, 1 997) . As the most robust measure of distance in community ecology 
(Minchin, 1 987) ,  I employed nonmetric multidimensional scaling (NMDS;  Faith et al . ,  1 987) 
using the R package Vegan (Oksanen et al . ,  20 1 5) .  Using a Bray-Curtis dissimilarity matrix of 
scaled assemblage data across two dimensions, I examined temporal and spatial trends in fish 
communities within restored and reference sites. Community response was examined using post­
restoration data from 20 1 0  to 20 1 5. I tested variation in community structure as a factor of both 
time and treatment type (i .e. restored vs. reference) using permutational multivariate analysis of 
variance (perMANOVA; Anderson, 200 1 ) .  Additionally, I calculated an index ofbiotic integrity 
(IBI; Karr et al . ,  1 986) to estimate changes in biological health of fish communities both before, 
and in years following instream restoration. I further quantified differences in IBI scores using 
95% confidence intervals to predict average biotic integrity within restored and reference sites 
across all sampling years (Baldigo et al . ,  2008) .  
1 5  
Linkages between driving habitat parameters and shifts in community structure were 
analyzed using permutational regression analysis with the envfit function within the R package 
Vegan (Oksanen et al. , 20 1 5). I examined relationships of 25 habitat parameters, which were 
derived from the QHEI, with the NMDS community matrix. All models were run for 999 
permutations. Additionally, I examined linkages between habitat and distribution of fishes using 
multiple linear regression (MLR) and general linear models (GLM). Using stepwise model 
selection based on Akaike ' s  ( 1 973) Information Criterion (AIC), I assessed relationships 
between relative abundance of taxonomic families and QHEI parameters. Multicollinearity was 
assessed using variance inflation factors (VIF) .  Models with VIF>2.0 were not interpreted. All 
modeling was completed in R (R Core Team, 20 1 5), and unless otherwise denoted, results were 
deemed statistically significant at a=0.05. 
RESULTS 
During the seven-year study period, a total of 79,0 1 3  fishes comprising 46 species from 
nine taxonomic families were sampled. Species from five families, Cyprinidae (85.38%), 
Centrarchidae (5 .6%), Percidae (3.98%), Catostomidae (2.29%), and Ictaluridae ( 1 .46%), 
accounted for >98% of the total catch, with nominal contributions from Clupeidae, Poeciliidae, 
Fundulidae, and Atherinopsidae (Table 1 . 1  ). 
Following implementation of artificial riffles, rip-rap, scouring keys, and riparian 
vegetation, I observed distinct temporal and spatial shifts in community structure. Initially, 
assemblages in all sites were largely comprised of tolerant Cyprinid fishes; however, three years 
post-restoration there was a shift in community structure. Shifts in dissimilarity were 
characterized by increased abundance of Centrarchidae, Catostomidae, Ictaluridae, and Percidae 
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species, as specified by relative loadings of family vectors on the NMDS plot (Figure 1 .2) .  
Results were supported by a perMANOV A (Table 1 .2), which indicated community structure 
was significantly affected by the habitat restoration (F 1 ,2 1=5 .9304, R2=0. 1 692, p=0 .0 1 2), and also 
varied over a temporal scale (Fs,2 1=2 .647 1 ,  R2=0 .3777, p=0 .045) .  I found a similar delayed 
response in biotic integrity, with fishes responding more than two years post-restoration. 
Whereas IBI scores remained moderately low throughout the study in reference sites, fishes in 
the restoration reach experienced significant increases in assemblage health, with recent samples 
reaching the moderate level of IBI classification (Figure 1 .3 ). These trends were supported by the 
clear separation of 95% confidence intervals between restored and reference sites, with a 
difference of more than 1 3  units six years post-restoration. 
This fundamental shift in community structure and integrity was also evident when 
examining relationships between fish taxa and habitat drivers within the system. Permutational 
regression analysis linked increased abundance of six driving habitat parameters with community 
dissimilarity (Figure 1 .4) - overhanging vegetation (R2=0.29, p=0.045), deep pool area 
(R2=0.28,  p=0 .04 1 ), logs (R2=0.33 ,  p=0.024), mean depth (R2�0 .36, p=0 .01 5), submerged 
vegetation (R2=0.45, p=0 .008), and boulder substrate (R2=0.62, p=0.002) . Additionally, overall 
habitat integrity (QHEI; R2=0 .27 , p=0 .049) was significantly driving dissimilarity in restored 
sites. Increased abundance of boulder substrate, submerged vegetation, and mean depth 
explained the greatest amount of variation in the data, and were most strongly driving 
community structure in Kickapoo Creek. 
Significant habitat drivers were linked with relative abundance of taxonomic groups in 
seven study sites along Kickapoo Creek using MLR models (Table 1 . 1  ). I observed significant 
positive relationships between Centrarchidae fishes, boulder substrate (GLM, F 1 ,26=39 .05 ,  
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R2=0.60, p<0.00 1 ;  Figure I .Sa) and mean channel depths (GLM, F 1 ,26=4S .38 ,  R2=0.64, p<0.00 1 ;  
Figure I . Sb). In contrast, Cyprinid fishes were negatively related to the percentage of boulders 
(GLM, F 1 ,26=87 .04, R2=0 .77, p<0.00 1 ;  Figure I .Sc) and mean channel depths (GLM, 
F 1 ,26=46 .72, R2=0.64, p<0.00 1 ;  Figure l .Sd) in Kickapoo Creek. Catostomidae species displayed 
positive relationships with boulder substrate (GLM F1 ,26=42 .98,  R2=0 .62, p<0 .00 1 ;  Figure l .6a) 
and submerged vegetation (GLM, F 1 ,26=39 .97, R2=0.6 1 ,  p<0 .00 1 ;  Figure l .6b) . Additionally, 
overall habitat integrity was positively linked to the abundance of Ictaluridae fishes (GLM, 
F 1 ,26=7 . 1 0, R2=0.2 1 ,  p=0.0 1 3) in Kickapoo Creek (Figure 1 .7) . 
DISCUSSION 
My study indicates that reach-scale restoration of instream habitat heterogeneity had 
localized positive impacts on fish community structure in Kickapoo Creek. Nonmetric 
multidimensional scaling allowed for quantitative analysis of changes in assemblage patterns 
within reference and restored reaches. Reference fish communities were consistently similar 
during the long-term study, and were largely comprised of tolerant Cyprinid species with low 
abundances of sensitive intolerant fishes (e.g. Noturus spp. , Moxostoma spp. , and Etheostoma 
spp. ). Consequently, reference communities displayed moderately low IBI scores, which 
reflected degraded environmental conditions. I described reference sites as nearly uniform in 
depth, with shifting sand-gravel substrates and elevated levels of bank erosion and siltation 
throughout the study. Streams and rivers are largely affected by land use, and biotic integrity has 
been negatively linked with anthropogenic degradation in many systems (Rabeni and Smale, 
1 99S ; Roth et al. ,  1 996; Lammert and Allan, 1 999; Snyder et al. ,  2003 ; Casatti et al. ,  2006; Diana 
et al. ,  2006). In the Midwest, agriculture and urban land use are primary drivers of displacement 
1 8  
of sensitive taxa (Smith, 1 97 1  ), and may help explain diminished integrity within references 
reaches along Kickapoo Creek. Increased siltation resulting from erosion and runoff disrupts 
sensitive aquatic macroinvertebrate and fish populations through loss of critical habitat used for 
refuge, forage, and reproduction (Berkman and Rabeni, 1 987 ;  Wood and Armitage, 1 997). Thus, 
sensitive fishes which require clean gravel substrate for spawning or forage may be displaced in 
degraded aquatic environments. As a result, it is apparent that degraded habitat conditions within 
Kickapoo Creek may constrain productivity of sensitive biota and could be accountable for 
regional declines in fish community integrity. Given their preexisting degraded condition, fish 
assemblages in Kickapoo Creek were ideal candidates for instream restoration. 
My hypothesis that restoration of geomorphic stability and habitat heterogeneity would 
elicit long-term community level biotic response was supported. Nonmetric multidimensional 
scaling plots indicated delayed temporal response to instream habitat restoration. While short­
term monitoring showed little assemblage variation, I observed significant increases in 
community dissimilarity beginning three years after implementation. It has been reported in 
other systems that response to habitat alteration can be delayed up to 1 0  years (Fitzgerald et al . ,  
1 998),  and restoration guides recommend a minimum of five years of continuous sampling to 
accurately assess biotic response post-restoration (Roni et al.,  2005). Comparatively, restored 
communities in Kickapoo Creek underwent substantial restructuring in a relatively short period 
of time. Increased abundances of sensitive Centrarchidae, Catostomidae, Ictaluridae, and 
Percidae species were driving dissimilarity in restoration sites. Habitat restoration also promoted 
significant increases in biotic integrity. In this study, IBI scores in restored reaches exceeded that 
of similar reference areas within six years post-restoration. Similar marked increases in density, 
biomass, and diversity of fishes were documented in the North Branch Chicago River in Illinois, 
1 9  
although biotic integrity remained considerably lower than rural references due to increased 
presence of tolerant species (Schwartz and Herricks, 2007). Projects noting colonization of 
restored areas by tolerant fishes may be limited by the amount and quality of habitat available, 
and must consider confounding variables (e.g. catchment-scale sedimentation) affecting biotic 
communities at larger scales (Palmer et al . ,  1 997; Moerke and Lamberti, 2003 ; Schwartz and 
Herricks, 2007). 
My results were in agreement with other studies detailing the effects of instream habitat 
alteration on fish populations and assemblages (Angermeier and Karr, 1 984; Edwards et al . ,  
1 984; Fuselier and Edds, 1 995;  Baldigo, 2008 ;  White et al. ,  2009; Whiteway et al. ,  20 1 0). 
Artificial riffles, similar to those used in Kickapoo Creek, were constructed for the threatened 
Neosho Madtom Noturus placidus in the Cottonwood River, Kansas (Fuselier and Edds, 1 995) .  
These structures were quickly colonized by other intolerant benthic invertivores and riffle­
specialists (e.g. Etheostoma spp. and Percina spp. ) , suggesting potential rapid recovery of 
sensitive taxa in the presence of high quality habitat. Centrarchids and other non-game fishes 
which inhabit slower waters have also responded positively to structural mitigation techniques 
within channelized portions of the Olentangy River near Columbus, Ohio (Edwards et al . ,  1 984). 
Similar to Kickapoo Creek, fishes in the Olentangy River benefitted from areas mitigated with 
artificial riffles and pools, and communities displayed beneficial increases in richness and 
abundance of previously displaced species. 
Fishes in large rivers have responded positively to the increased stability and 
heterogeneity provided by rip-rap structures. Channel alteration in the Kansas River led to fine­
scale increases in species richness and diversity associated with artificial rip-rap banks, although 
woody debris also provided substantial habitat for biota (White et al . ,  2009) . Large woody debris 
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have been previously related to habitat use of warm water stream fish. In Jordan Creek, Illinois, 
artificial increases in woody debris promoted increased productivity of macroinvertebrates and 
provided sufficient refuge for fish to forage and seek cover from predation (Angermeier and 
Karr, 1 984). Additionally, similar benefits of instream habitat restoration have been observed in 
coldwater systems. Coldwater fishes of the Northeast responded to natural channel design and 
improved habitat heterogeneity, resulting in increased community richness and productivity of 
Salmonid species (Baldigo et al . ,  2008).  Moreover, a recent meta-analysis detailing the effects of 
instream structures on Salmonid abundance suggests overall positive impacts from restoration 
across North America (Whiteway et al . ,  20 1 0) .  Although highly dependent on scale and larger 
confounding factors, it is apparent that instream habitat alterations have the potential to 
positively impact lotic fish populations and communities in a variety of systems. 
Changes in community dissimilarity following restoration were linked to increased 
geomorphic stability and additional instream habitat in Kickapoo Creek. The restoration reach 
was stabilized using artificial riffies and larger boulders, which promoted scouring of silt and 
retention of gravel substrate (Ebrahimnezhad and Harper, 1 997). Centrarchidae, Catostomidae, 
Ictaluridae, and Percidae species responded most strongly to long-term alteration of critical 
habitat. Due to spawning and forage requirements, insectivores (i .e. Sunfish Lepomis spp. ) and 
benthic invertivores (i .e. Madtoms Noturus spp., Darters Etheostoma spp. , and Northern Hog 
Sucker Hypentelium nigricans) are often sensitive to siltation as they feed on aquatic 
macroinvertebrates and require clean gravel substrate for reproduction (Karr et al . ,  1 986;  
Pflieger, 1 997;  Simon, 1 998) .  The newly restored reach met these requirements through 
increased abundance of spawning habitat and potentially greater macroinvertebrate production 
(Edwards et al . ,  1 984; Ebrahimnezhad and Harper 1 997; Wood and Armitage, 1 997; Harper et 
2 1  
al. ,  1 998) .  Positive relationships between riffles, boulder rip-rap, and fish biodiversity have been 
observed at the local scale in other lotic systems (Fuselier and Edds, 1 995 ;  Baldigo et al . ,  2008 ;  
White et al . ,  2009), suggesting coarse substrate may provide stable habitat to support increased 
biotic integrity in degraded systems. In addition, overhanging and submerged riparian vegetation 
provided further cover through shading and physical structure, and may have also functioned to 
decrease stream temperatures (Baldigo et al . ,  2008) .  Moreover, the establishment of novel 
microhabitats from instream vegetation benefits several life stages of fish, and acts as a buffer to 
anthropogenic pressure (Lau et al . ,  2006) . 
Alterations to channel morphology following restoration also contributed to increased 
community integrity. Construction of artificial riffles and rip-rap keys promoted the formation of 
deep scour pools and increased mean channel depths within the restoration reach. Sensitive 
benthic-dwelling species such as the Northern Hog Sucker and Brindled Madtom Noturus miurus 
were sampled more frequently post-restoration. These fishes tend to aggregate in the tail waters 
and pools below swift riffles to feed on aquatic macroinvertebrates (Pflieger, 1 997). It was 
apparent that the formation of scour pools and overall increases in habitat heterogeneity led to 
recovery of Brindled Madtom populations. The recovery of this species was related to increases 
in overall habitat integrity, confirming the need for mitigation of degraded stream conditions in 
Kickapoo Creek. 
My study shows that the implementation of artificial riffles, scouring keys, and coarse 
boulder substrate facilitated geomorphic stabilization of Kickapoo Creek. These habitat 
alterations lead to distinct changes in fish community structure and initial recovery of degraded 
biotic integrity. I demonstrate that artificial riffles and instream structures employed in 
channelized warmwater streams can effectively mitigate degradation, and may also support 
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levels of fish biodiversity which exceeded reference sites sampled in Kickapoo Creek. 
Revegetation of riparian banks with native grasses provided potential sources of refuge for 
juvenile and adult fishes during periods of moderate and high flows. Although woody debris and 
vegetation are often transient portions of the aquatic environment (Angermeier and Karr, 1 984; 
Reich et al . ,  2003), these natural structures supported long-term recovery of fishes in Kickapoo 
Creek, and are crucially important to low-gradient streams (Pretty et al . ,  2003) .  
Through this long-term study, I emphasize the importance of continuous temporal and 
spatial reference monitoring to accurately assess the relationships between community structure 
and instream restoration. Since movement and dispersal of some stream fishes may be quite 
limited (Gerking, 1 958 ;  Berra and Gunning, 1 972 ; Mundahl and Ingersoll, 1 983 ;  Matheney and 
Rabeni, 1 995), recolonization of degraded areas may depend largely on distance from source 
populations. Thus, long-term monitoring is necessary to cover the entire temporal scope of fish 
community recovery following perturbation. When practical, I recommend multiple or mixed 
restoration techniques during reach-scale restoration. Since various structures can positively 
impact habitat conditions and fish populations (Whiteway et al . ,  20 1 0) it is beneficial to consider 
the implications of more comprehensive practices to restore diverse communities. Overall, I 
demonstrate the ability to use structural restoration as an effective management tool to mitigate 
loss of biotic integrity through long-term alteration of critical habitat. Given the variation in 
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TABLES 
Table 1 . 1-Relative abundance of species within the five most prevalent taxonomic families in 
Kickapoo Creek. Results of a stepwise multiple linear regression and overall best-fit model are 
displayed for each taxonomic group. Variance inflation factors (VIF) were used to assess 
multicollinearity among model variables, and directionality of regression coefficients are 
designated by symbols (+/-) . Statistical significance was assessed at a=0.05 .  
Taxonomic Family %Abundance Model Terms VIF<2.0 R2 sig. 
Cyprinidae 85.38 Boulder (-) YES 0 .85  <0.00 1 
Central Stoneroller 22 .6 1  Mean Depth (-) Campostoma anomalum Large Cobble (-) 
Sand Shiner 1 6 .74 Notropis ludibundus 
Spotfin Shiner 1 5 .93 Cyprinella spiloptera 
Centrarchidae 5.60 Mean Depth ( +) NO 0.75 <0.00 1 
Longear Sunfish 3 . 83 Boulder (+) Lepomis megalotis Deep Pool Area (-) 
Green Sunfish 0 .86 
L.  cyanellus 
Bluegill 0 .67 
L. macrochirus 
Catostomidae 3.98 Boulder (+) NO 0 .87  <0.00 1 
White Sucker 1 .44 Submerged Veg. ( +) 
Catostomus commersoni Fine Gravel (+) 
Northern Hog Sucker 1 . 1 2  Medium Gravel (-) 
Hypentelium nigricans Silt (+) 
Golden Redhorse 1 . 1 1 Canopy Cover ( +) 
Moxostoma erythrurum Sand (+) 
Percidae 2.29 Riffle Area ( +) NIA 0 . 1 2  0 .073 
Johnny Darter 0 .75 Etheostoma nigrum 
Rainbow Darter 0 .7 1 
E. caeruleum 
Orangethroat Darter 0.49 
E. spectabile 
lctaluridae 1 .46 QHEI Score ( +) YES 0 .55  <0.00 1 
Brindled Madtom 1 .06 Riffle Area (-) 
Noturus miurus Fine Gravel ( +) 
Yellow Bullhead 0 .39 
Ameirurus natalis 
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Table 1 .2-Results ofpermutational ANOVA testing differences in community structure as a 
factor of habitat restoration, and accounting for temporal (annual) assemblage variation. 
Community dissimilarity was monitoring in restored and reference (control) sites in Kickapoo 
Creek from 201 0-20 1 5 . 
Term DF MS F R2 sig. 
treatment 1 0 .0603 5 .9304 0 . 1 692 0 .0 1 2  
year 5 0 .0269 2 .647 1 0 .3777 0 .045 
interaction 5 0.0 1 20 1 . 1 76 1  0 . 1 678 0 .356 
residuals 1 0  0 .0 1 02 
total 2 1  
3 0  
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Figure 1 . 1-Locations of restored, reference, and impacted sites monitored within the Kickapoo 
Creek watershed boundary (WBD) in East-Central Illinois from 2009 to 20 1 5 . 
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Figure 1 .2-Nonmetric multidimensional scaling (NMDS) plot computed with a Bray-Curtis 
dissimilarity matrix examining temporal and spatial changes in community structure following 
an instream restoration project in Kickapoo Creek. Fish communities were sampled in restored 
and reference sites from 20 1 0  to 20 1 5 , and numbers within the plot correspond to years post 
restoration ( 1 -6) .  Relative loadings of taxonomic groups are represented by solid vectors, with 
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Figure 1 . 3-Index of biotic integrity (IBI) scores for fish assemblages in  restored and reference 
sites sampled from 2009 (pre-restoration) to 20 1 5 . The vertical dashed line indicates the 
approximate completion of the restoration project, while the horizontal dotted line separates the 
'moderately low' integrity classification from 'moderate ' biotic integrity. An additional 
reference was added in 20 1 2, and was in comparable condition to an existing reference. Error 
bars represent 95% confidence intervals computed for assemblages within each of the treatment 
types across all sampling years . 







0 . 2  




-0 . 2  0 . 0  
Q H E I  (0 .27)  
overhang .veg (0 .29) 
0 . 2  
N M D S 1  
.6. boulder (0 .62) 
sub .terr.veg (0 .45) 
logs (0 .33) 
deep . pool .area (0 .28) 
mean.depth (0 .36)  
0.4 0 . 6  0 . 8  
Figure 1 .4-Habitat factors derived from a permutational regression analysis superimposed on a 
nonmetric multidimensional scaling (NMDS) plot of community structure in restored and 
reference sites sampled in Kickapoo Creek from 20 1 0  to 20 1 5 .  Dashed vectors are taxonomic 
families, and are accompanied by an abbreviated label .  Solid vectors represent significant 
( a<0.05) habitat parameters , with direction and magnitude related to the correlation to the 
community matrix. Habitat vectors are labeled by variable, with respective permutational R2 
values . 
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Figure 1 . 5-Relationships between relative abundance of taxonomic families and habitat 
parameters within seven study sites along Kickapoo Creek, sampled from 2009 to 20 1 5 . 
Centrarchidae fishes were positively linked with abundance of boulder substrate (a) and mean 
depths (b ) .  Negative relationships were described between abundance of Cyprinidae species with 
percentage of boulder substrate (c) and mean depths (d) . Dashed lines represent best-fit linear 
regression models .  
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Figure 1 .6-Relationships between relative abundance of Catostomidae taxa with percentage of 
boulder substrate (a) and submerged terrestrial vegetation (b) in seven study sites along 
Kickapoo Creek, sampled from 2009 to 20 1 5 . Dashed lines represent best-fit linear regression 
models .  
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Figure 1 .  ?-Relationship between relative abundance of Ictaluridae taxa with overall habitat 
integrity, as measured by the qualitative habitat evaluation index (QHEI) . Dashed line represents 
a best-fit linear regression model . 
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ECOMORPHOLOGY AND SWIMMING ENERGETICS OF LON GEAR SUNFISH LEPOMIS 
MEGALOTIS IN TURBULENT FLOW 
ABSTRACT 
Human actions have caused excessive damage to aquatic ecosystems, and declines in 
lotic fisheries have been linked to habitat and flow alteration. In response, restoration of 
impacted waterways is increasingly frequent, however, projects typically focus on ecological 
effects above the population-level . Habitat alteration also disturbs fishes at the organismal-level, 
yet effects are seldom related to physiological processes. To examine the ecomorphological 
relationships between habitat alteration and complex flows, I examined the swimming energetics 
of Longear Sunfish Lepomis megalotis and related locomotor performance to ecology. Fish and 
habitat were sampled in seven reaches during a six-year restoration monitoring study. Using 
electrofishing and a Qualitative Habitat Evaluation Index, I investigated distribution patterns 
along a gradient of habitat conditions in Kickapoo Creek, East-Central Illinois. I measured 
metabolic oxygen consumption in a flume during free-stream swimming in two flow regimes : 
quasi-laminar, and turbulence simulated by three streets of vertically-oriented vortices. Longear 
Sunfish were strongly affected by turbulent vortices, and consumed on average 24.8% more 
oxygen in altered flows. Significant regression models linked abundance of Longear Sunfish 
with deep, slow-moving silt-bottom channels with abundant boulders and submerged vegetation. 
Ecomorphological models for Longear Sunfish suggest increased metabolic demands associated 
with navigating altered flows may help explain habitat use and behavior. I highlight the need for 
more comprehensive assessment of restoration efforts, and propose a physiological mechanism 
underlying shifts in community structure following instream habitat alteration. 
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INTRODUCTION 
Human actions have caused excessive damage to aquatic ecosystems, diminishing 
resources on a global scale (NRC 1 992; Vitousek et al . 1 997) .  Declines among fish populations 
and communities in the Midwest, USA have been linked to anthropogenic habitat degradation 
and increased siltation (Berkman and Rabeni 1 987 ;  Aadland 1 993) .  Resulting alterations to flow 
and sediment regimes may further exacerbate these trends (Poff et al . ,  1 997; Wohl et al . ,  201 5), 
and could indicate a long road to recovery. In response, restoration of impacted waterways has 
increased in frequency, however many of these projects lack frequent empirical monitoring and 
suffer from inadequate assessments. Additionally, many monitoring projects are limited to 
examining ecological interactions at the population and community-levels. Anthropogenic 
habitat alteration also disturbs fishes at the organismal-level (Wikelski and Cooke, 2006), yet 
ecological effects are seldom related to physiological processes. For example, fish face an array 
of challenges when navigating a complex three-dimensional environment (Liao 2007), and 
altered hydrologic conditions (i .e. altered and complex flows) may prompt physiological 
responses, affecting ecology and behavior (Cotel and Webb, 20 1 5) .  Still, few studies have 
attempted to estimate the costs associated with navigating complex altered flows (Enders and 
Boisclair, 20 1 6) .  
Metabolic rate may govern organismal life history and behavior (Brown et al . 2004) . 
Thus, estimates of metabolism and energy expenditure can serve as a useful indicator of 
ecological effects. Since fish require energy to grow and reproduce, increased metabolic 
demands resulting from altered flows may be detrimental to productivity and could ultimately 
affect distribution. Turbulence is unpredictable, highly variable, and perhaps the most complex 
dynamic to consider in flowing systems (Cotel and Webb, 201 5) .  For example, turbulence can 
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occur in the form of vortex flows or in a disorganized and unpredictable fashion (Enders et al . ,  
2003) .  Turbulent columnar vortices are typically organized in three orientations (i .e. horizontal, 
vertical, and streamwise) ,  which are defined by the axis upon which they rotate. In addition to 
orientation, complexity of turbulent vortices magnifies when considering variation in intensity, 
periodicity, and scale (Lacey et al . ,  201 1 ) . Consequently, interactions between aquatic organisms 
and turbulent flows have been quite diverse (Liao, 2007; Lacey et al . ,  201 1 ) .  Early on, research 
linked habitat use and behavior among stream fish to structures shedding turbulent vortices 
(Breder, 1 965) .  Stream fish are highly dependent on refugia (Lake et al . ,  2007) and have shown 
preference to entraining behind natural structures such as large boulders (Shuler et al . ,  1 994) and 
logs (McMahon and Gordon, 1 989) .  In experimental settings fish will readily station hold behind 
artificial cylinders and cones of varying shapes, orientations and sizes (Sutterlin and Waddy, 
1 975;  Webb, 1 998 ;  Liao et al . ,  2003) .  
Turbulence has been linked to a number of  behaviors in  fish. For instance, schooling fish 
can utilize turbulent vortices shed from biotic sources to minimize drag (Weihs, 1 973),  and may 
result in decreased energetic costs of swimming (Parker, 1 973 ; Herskin and Steffensen, 1 998 ;  
Hemelrijk et al . ,  20 1 5 ; Marras et al . ,  201 5) .  Other fishes in flowing water may use entrainment 
and modulated swimming behaviors to utilize the hydrodynamic benefits of turbulent vortices 
and the low pressure suction zones located immediately downstream of structures (Liao, 2003 ; 
Liao, 2007; Taguchi and Liao, 20 1 1 ) . When presented with vertical columnar vortices, Rainbow 
Trout Oncorhynchus mykiss undergo kinematic shifts in swimming behavior (i .e. Karman gait; 
Liao et al., 2003) which help to reduce metabolic cost of transport in complex flows (Taguchi 
and Liao, 201 1 ) .  However, related species may demonstrate dissimilar avoidance patterns in 
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turbulent streams, evading areas of high intensity through specific positioning within the water 
column (Cotel et al . ,  2006) . 
Flow complexity has also been linked to increased cost of transport in other coldwater 
migratory fishes (Enders et al . ,  2003 ; Enders and Boisclair, 20 1 6) .  Similarly, estuarine (Roche et 
al . ,  20 1 4) and warmwater species (Tritico and Cotel, 20 1 0; Maia et al . ,  20 1 5) have experienced 
decreased swimming performance and increased energetic costs in complex flow regimes. 
However, substantial variation in swimming capabilities seem to exist (Tudorache et al . ,  2008 ;  
Scott and Magoulick, 2008), and response to turbulent vortices may be species-specific. The 
ability of fish to entrain and modify swimming behavior behind structures (Liao, 2007) may 
further confound the effects of turbulence. The wide variation in agreement between species and 
studies highlight the increasing importance to examine the relationships between turbulent flow 
and behavior in swimming fishes (Cotel and Webb, 201 5) .  Further, examination of the 
interactions between habitat, turbulent flow, and physiology may help better predict species 
response to stream habitat alterations. 
To examine the ecomorphological relationships between habitat alteration and complex 
flows, I elected to test the effects of vertical vortices on the swimming energetics of Lon gear 
Sunfish Lepomis megalotis. This species is important to aquatic ecosystems, and almost 
exclusively inhabits permanently-flowing streams of various sizes and gradients (Pflieger, 1 997; 
Smith, 2002) . A member of the family Centrarchidae (order Perciformes), Longear Sunfish are 
morphologically (i .e .  laterally-compressed) and behaviorally similar to the widely studied 
Bluegill sunfish Lepomis macrochirus. Like the Bluegill, they occupy relatively small home 
ranges (Gunning and Shoop, 1 963 ; Berra and Gunning, 1 972) and reproduce in clean gravel 
substrate where male fish build and guard nests (Dupuis and Keenleyside, 1 988 ;  Pflieger, 1 997) . 
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Along with limited dispersal patterns (Lonrarich et al . ,  2000), these life history characteristics 
enhance susceptibility to local-scale disturbances. 
Previous research has documented decreased nesting success in the presence of 
anthropogenic stressors . One study found prolonged exposure to motorboat traffic in close 
proximity almost exclusively caused displacement of male nest-guarders (Mueller, 1 980) .  In this 
scenario, it is possible that streamwise vorticity originating from boat propellers led to 
hydrodynamic disturbance in fish. During experimental conditions, Longear Sunfish also showed 
preference to low-velocity patches at high flume velocities under steady flow regimes (Scott and 
Magoulick, 2008).  Based on morphological similarity to Bluegill, Longear Sunfish may become 
destabilized by various types of turbulence commonly found in streams (Webb, 2004; Maia et 
al . ,  20 1 5) .  Moreover, alteration to instream habitat and turbulence regimes could directly affect 
habitat use and behavior of this widely-distributed species. 
The purpose of this study is to address the factors influencing the habitat use, behavior, 
and distribution of Longear Sunfish in an altered stream. Using data from a long-term restoration 
monitoring project and additional sampling of channelized impacted reaches, I will describe the 
factors driving Longear Sunfish populations in Kickapoo Creek, East-Central Illinois .  I propose 
that changes to channel morphology, instream cover, and flow resulting from habitat alteration 
will elicit variation in Longear Sunfish abundance and distribution. Due to their limited home 
range and dispersal capabilities, I also predict local-scale alterations to turbulence regimes could 
directly influence habitat use through decreased swimming performance. To examine a 
physiological mechanism potentially underlying shifts in ecology I will estimate the energetic 
costs of navigating complex flows. Using a swim tunnel, I predict Longear Sunfish will become 
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destabilized when navigating vertical vortices, and decreased swimming performance will lead to 
increased cost of transport in altered flows. 
METHODS 
Habitat and Fish Sampling 
Habitat parameters were collected and fish were sampled in seven 200 m reaches along 
Kickapoo Creek (Latitude 39°27 ' ,  Longitude 88° 1 3  ' )  in East-Central Illinois (Figure 2 . 1 ). Data 
were collected annually in the fall in restored and reference sites from 20 1 0  to 20 1 5 , and in 
channelized impacted sites from 20 1 4  to 20 1 5 . This fourth-order prairie stream meanders 
roughly 66 stream km before it confluences with the Embarras River. The 265 km2 watershed is 
exposed to multiple anthropogenic pressures - primarily agriculture and urban stressors (e.g. 
road crossings, golf course, sewage treatment plant, and residential area), which have led to a 
gradient of degraded environmental conditions. Kickapoo Creek was also the site of a recent 
instream restoration project. Habitat alteration was completed during summer 20 1 0, and included 
construction of two artificial Newbury riffles (Newbury Hydraulics, Okanagan Centre British 
Colombia, Canada), boulder rip-rap, scouring keys, and riparian plantings of native prairie 
vegetation. In addition to adding instream habitat, these structures altered sediment types, 
channel morphology, and flow regime throughout approximately 800 m of stream channel. 
Addition of riffles, large rocky substrate and instream structures may have also drastically altered 
previous turbulence regimes in Kickapoo Creek, further affecting aquatic biota. 
To examine relationships with fish ecology, instream habitat variables were monitored in 
seven study reaches annually in the fall using the Qualitative Habitat Evaluation Index (QHEI; 
Rankin, 1 989) .  Each reach was divided into ten equidistant transects where quantitative depth 
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and substrate measures were taken at specified intervals along the width of the channel. Relative 
abundances of instream and riparian habitat were estimated between each transect using a 
standard QHEI protocol. Current quality (e.g. percentage of pools, riffles, and runs) was 
qualitatively assessed throughout the transects. Additional quantitative velocity profiles were 
recorded at 50% water column depth at five points along each transect using a calibrated flow 
meter (model FH950; Hach Company, Colorado, USA) . Fish communities were sampled 
concurrently with habitat monitoring using a combination of electrofishing gears and 
standardized protocols (Rabeni, 2009; Favata et al . ,  In preparation) . All Longear Sunfish 
Lepomis megalotis sampled during the six-year study period were identified in the field, weighed 
(nearest g), measured (nearest mm), and released unharmed near each reach. Three fish were 
retained for further experimentation and transported to Eastern Illinois University. 
Animal Husbandry 
In 20 1 5 , three adult Longear Sunfish were collected from Kickapoo Creek and 
transported to the biomechanics laboratory at Eastern Illinois University for experimental testing. 
Fish were acclimated to laboratory conditions before being housed in a divided 50 gal glass 
aquarium at 2 1 ± 1  ·c. Fish were housed in a 1 2  h: 1 2  h, light: dark cycle and fed pellet feed to 
satiation daily for a period of at least one week prior to experimentation. Total body length (BL) 
of fish collected ranged from 1 40 to 1 60 mm, with a mean of 1 53 ± 6 .6 mm (± s.e.m.) .  All fish 
were weighed before each trial during experimentation, with an overall mean mass of 62.2 ± 2 . 8  
g .  A total of  three Longer Sunfish were tested during active metabolic rate (AMR) experiments 
where fish swam at 2 .0  BL s- 1 in quasi-laminar (control) and turbulent flow regimes to examine 
associated metabolic cost of transport. 
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Flow Characterization and Respirometry 
To analyze the metabolic changes during complex flows, I designed and built an 
apparatus to simulate vertical turbulence in a 1 85 L Loligo flow chamber (Loligo Systems, 
Viborg, Denmark) . I used three 40 mm diameter acrylic cylinders which were mounted between 
two thin ( <3mm) acrylic plates in a vertical orientation, and placed upstream of a 1 cm bar-mesh 
metal grid to prevent entrainment directly behind any of the cylinders (Figure 2.2) .  The cylinders 
were fixed in a triangular pattern, and the distance between each cylinder was approximately 1 3 0  
mm. Particle image velocimetry (PIV) was employed to first visualize the vortex patterns 
generated during AMR trials in the turbulent regime. 
Operating the flow chamber at a velocity of 2 .0  BL s- 1 , I used an i-SPEED 3 high-speed 
camera (IX Cameras Inc. ,  Essex UK) to capture the rotational movement of neutrally buoyant 
particles (0. 75 g; size, 2 1 2-250 µm) . Particles were illuminated using a 4050 mW continuous 
diode laser (Laser Quantum, Cheshire, UK) operating at 60.0% power. Particle movement was 
captured at 200 fps across an approximately 250 x 1 50 x 1 mm thick horizontal Gaussian laser 
sheet, located approximately 20 cm downstream of the cylinders. The PIVlab toolbox in MA Tlab 
(Thielicke, 20 1 4; Thielicke and Stamhuis, 20 1 4) was used to examine changes in the velocity 
vector fields over 600 frames of video (three seconds filming) . Additionally, I calculated and 
plotted average vorticity as a measure of fluid rotation to examine vortex patterns within the 
swim chamber. 
I used standard intermittent-flow respirometry techniques developed for aquatic fauna 
(Svendsen et al . 20 1 4) to examine changes in metabolic oxygen consumption in quasi-laminar 
and turbulent flow regimes. Due to the correlations between body size and metabolism (Clarke 
and Johnston, 1 999), I used a mass-corrected rate of oxygen consumption (Mo2) to account for 
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any individual variation between fish. Before experimentation, I withheld food for a minimum 
period of 48 h before testing to ensure metabolic oxygen measurements were not confounded by 
specific dynamic action (Beamish, 1 974) . Fish were weighed (nearest g) and measured (nearest 
mm) before being placed into the flume. The temperature within the flow tank was held 
consistently between 20.5 and 2 1  SC, and dissolved oxygen levels were maintained above 97% 
saturation via aerators in an ambient bath. 
To reduce stress levels, fish were acclimated in the 30  cm-long working section of the 25 
x 25 x 87.5 cm flow chamber at low flow (0.5  BL s- 1 ) with the lid open for a minimum of two 
hours prior to testing. Once fish were acclimated, the lid to the flume was sealed airtight, a Pro 
Odo dissolved oxygen probe (YSI Inc. ,  Yellow Springs, OH, USA) was inserted into the 
chamber, and the velocity was increased to 2 .0  BL s- 1 . During AMR experiments I recorded 
oxygen levels every second for a minimum period of two hours; this interval was chosen to 
maximize the resolution needed to assess changes to metabolism between swimming trials .  
Variables being tested in the flume were no turbulence (quasi-laminar) and turbulence. Oxygen 
concentration was plotted against time and the slope used to determine metabolic rates for each 
organism at varying stress levels (Svendsen et al . ,  20 1 4) .  I examined oxygen consumption for 
each fish across six trials - three in the quasi-laminar regime, and three in the turbulent regime. 
Data Analysis 
To describe the ecology of Longear Sunfish, linkages between driving habitat parameters 
and abundance were assessed using multiple linear regression (MLR) and general linear models 
(GLM) . Using stepwise model selection based on Akaike ' s  ( 1 973) Information Criterion (AIC), I 
assessed the effects of linear combinations of QHEI parameters on relative abundance of 
Longear Sunfish across a gradient of habitat conditions in Kickapoo Creek. Variables in four 
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habitat models described in the QHEI were tested: channel morphology, substrate type, instream 
habitat, and current quality. I removed select MLR models from further consideration based on 
multicollinearity using variance inflation factors (VIF); variables with high multicollinearity 
(VIF>2.0) were excluded from analysis.  I also examined the individual linear relationships from 
the MLR models to assess the relative importance and influence of each variable on Longear 
Sunfish distribution. In addition, relationships between mean channel velocity and Longear 
Sunfish abundance were assessed using a separate GLM. All modeling was completed in R (R 
Core Team, 201 5), and unless otherwise denoted results were deemed statistically significant at 
a=0.05 . To examine the physiological costs of swimming in complex altered flows, I used an 
ANOVA to test changes in swimming performance in a laboratory setting. A two-factor analysis 
was used to examine differences in standardized (by mean of control) mass-corrected rates of 
oxygen consumption (Mo2) during swimming in quasi-laminar and turbulent flow trials .  
Treatment type and fish were treated as independent variables to examine interactions between 
individual fish, while standardized Mo2 was treated as the dependent variable. 
RESULTS 
Habitat Analysis 
Habitat and flow conditions in Kickapoo Creek were variable throughout the sampling 
period. Reference reaches were shallow, and primarily consisted of shifting sand-gravel 
substrates with varying abundances and diversity of instream structures. Habitat sampled in 
restoration sites showed elevated heterogeneity of instream structures, greater abundances of 
large substrate, and deeper channel depths resulting from the instream habitat alteration. 
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Additional impacted reaches sampled displayed signs of channelization, and consisted of eroded 
streambanks with increased levels of siltation. 
A total of 4,484 Longear Sunfish were sampled ( 4 .3 % overall relative abundance) during 
the six-year study. Fish were collected from every reach and during every sampling event. 
Longear Sunfish sampled in Kickapoo Creek weighed on average 1 1 . 84 g and measured 77.25 
mm in length. Maximum sizes of wild-caught fish were 1 00 g and 200 mm, respectively. I 
observed average population densities of approximately 80 fish/ 1 00 m of stream channel, and 
mean biomass of nearly 950 g/1 00 m. Distribution of Longear Sunfish in Kickapoo Creek was 
significantly linked to variables within the channel morphology, substrate type, instream habitat, 
and current quality models (Table 2 . 1 ). However, variables within the reduced channel 
morphology and current quality models were assessed as non-independent, and were not 
interpreted in the context of multiple linear combinations. 
Longear Sunfish abundance in Kickapoo Creek was best predicted by large rocky 
substrates (MLR, R2=0.64, p<0 .00 1 )  and woody instream habitat (MLR, R2=0.6 1 ,  p<0.00 1 ) . 
Further examination of general linear relationships within the MLR models indicated four 
driving variables of Longear Sunfish distribution: silt substrate, boulder substrate, mean depth, 
and submerged vegetation (Table 2.2) .  Longear sunfish were positively linked with increased 
abundance of silt (Figure 2 .3a) and boulder substrates (Figure 2 .3b) throughout the study sites. 
Fish were also more abundant in deeper channels (Figure 2 .3c) with increased submerged 
terrestrial vegetation (Figure 2 .3d) .  I described a significant negative log-linear relationship 
between mean channel velocity and relative abundance of Longear Sunfish sampled in reference, 
restored, and impacted sites across all sampling years (GLM, F i ,6=7.3 3 1 ,  R2=0.60, p=0.042; 
Figure 2 .4) .  
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Metabolic Costs 
Flow characterization of the turbulent regime using PIV indicated that each of the 
cylinders produced streets of vertical vortices, each similar in size to fish body depth 
(approximately 40 mm). The vortices were distributed evenly throughout the working section of 
the swim chamber, and the grid prevented entrainment of swimming fish behind any of the 
cylinders (Figure 2.2) .  All fish were able to maintain steady swimming throughout the duration 
of the two hour trials, and were not observed in benthic station holding positions or resting on the 
back grid of the swim tunnel for more than two consecutive minutes. These behaviors were 
infrequent, occurring less than five times per swimming trial . During the experiment I noted 
qualitative differences in swimming behavior between treatment types. Fish swimming in quasi­
laminar flow were able to maintain station during steady swimming with no noticeable 
perturbation to balance. In contrast, swimming in turbulent flow was destabilized, with notable 
increases in yaw perturbation and heading corrections (personal observation) . 
Mass-corrected rates of oxygen consumption averaged 23 1 .53  ± 1 9 .74 mg 02 kg-1 h- 1 (± 
s .e.m.) across all fish swimming in the quasi-laminar regime, and 288 . 84 ± 27.03 mg 02 kg- 1 h- 1 
across all fish in turbulent trials .  Using standardized Mo2, I found significant effects of 
swimming in turbulence on mass-corrected rates of oxygen consumption in Longear Sunfish 
(Table 2 .3) .  I found no significant effect of individual or any interaction effects between 
individual and treatment on rates of oxygen consumption. In Longear Sunfish, forced free-stream 
swimming in turbulent flow increased oxygen consumption by 24.8%, on average (Figure 2 .5) .  
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DISCUSSION 
My study demonstrates that habitat use, behavior, and distribution of Longear Sunfish 
may be partially driven by increased cost of transport associated with navigating turbulent flow. 
Multiple linear regression and GLMs suggested channel morphology, substrate type, and 
instream habitat were the strongest drivers of variation in distribution. Lon gear Sunfish were 
more abundant in deep, slower-moving channels with larger substrates and greater instream 
cover. I also observed distinct trends in spatial distribution throughout Kickapoo Creek. Longear 
Sunfish were less prevalent in communities inhabiting shallow, fast-flowing reference reaches. 
In contrast, restored reaches were deeper and possessed more heterogeneous habitat, possibly 
used for refuge. Consequently, the restoration reaches supported greater abundances of Longear 
Sunfish than were sampled in reference sites. Current velocities in restored sites were also 
variable, with the presence of scour pools and large structures potentially acting as flow refugia 
for fish. Finally, I observed greatest relative abundance of Longear Sunfish in channelized 
impacted reaches. These areas were slow-flowing, and had the greatest channel depths of any 
reach sampled. Although these sites were characterized by habitat degradation and siltation, 
channel morphology, slower current velocity and instream cover were apparently stronger 
predictors of distribution. 
My hypothesis that Longear Sunfish would incur increased cost of transport in vertical 
turbulence was supported. Longear Sunfish consume nearly 25% more oxygen when swimming 
in altered flows. In another laterally compressed Perciform, Bluegill sunfish, swimming 
performance was destabilized by streamwise vorticity produced by four rotating turbines (Maia 
et al . ,  20 1 5) .  Although Bluegill only consumed an average of 6% more oxygen in altered flows, 
high variation in mass-specific metabolic rates indicated swimming performance was not only 
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labored, but also highly unsteady (Maia et al . ,  20 1 5) .  Vertical eddies are quite different from 
streamwise vorticity, however. While streamwise turbulence is more likely to cause roll 
disturbance, vertical eddies typically induce yawing, or lateral perturbation in fish (Webb, 2004, 
Tritico and Cotel, 20 1 0; Maia et al . ,  20 1 5) .  Yaw disturbance can increase spill rates, and lead to 
loss of heading during swimming (Webb, 2004; Tritico and Cotel, 201 0) . During experimental 
conditions, Bluegill also show heightened response latency at moderate flow speeds ( 1 5-30 cm 
s 1 -) in vertical turbulence over more fusiform-shaped fish (Webb, 2004) . Although fish are able 
to use propulsive and mechanical corrections to recover from yaw-induced spills (Webb, 2004), 
expenditures due to maneuvering are likely to be energetically costly (Maia et al . ,  20 1 5) .  My 
study indicates Longear Sunfish most likely experience destabilization disturbances during 
swimming similar to other laterally-compressed Perciformes, and this destabilization may equate 
to increased energy expenditure. 
In general, turbulence can have negative impacts on the swimming capabilities of many 
species. Energetic costs in juvenile Atlantic Salmon Salmo salar increased as much as 1 .6-fold in 
complex flows (Enders et al . ,  2003) .  Shiner Surfperch Cymatogaster aggregate experienced 
marked increases in metabolic oxygen demand similar to Longear Sunfish tested in my study, 
using on average 25 .3% more oxygen in unsteady flows (Roche et al . ,  20 1 4) .  Previous research 
suggests scale of turbulent vortices may largely affect the impact on swimming fish (reviewed in 
Liao, 2007; Lacey et al . ,  201 1 ) .  Fish navigating eddies much smaller or greater than respective 
body size may show little to no alteration in swimming performance (Liao, 2007) . On the 
contrary, vortices approximately the size of fish body length and depth may greatly affect 
stability. For example, critical swimming speed in Perch was not affected until turbulent vortices 
approached body size (Lupandin, 2005). Swimming performance in Creek Chub Semotilus 
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atromaculatus was also affected by vortices at similar scales (Tritico and Cotel, 20 1 0) .  In my 
study, vortices were scaled in a nearly 1 :  1 ratio to fish body depth, which resulted in decreased 
swimming performance. 
When compared to other sympatric warmwater fish species, Longear Sunfish may display 
reduced swimming performance in low-complexity flows (Scott and Magoulick, 2008).  
However, fish freely swimming in complex flows may be capable of utilizing substrate as flow 
refuge during altered hydrologic conditions (Scott and Magoulick, 2008).  While fish tested in my 
study were limited to free-stream swimming in a turbulent regime, ecological patterns may begin 
to explain ecomorphological relationships between habitat use and altered flows. I found lowest 
abundance of Longear Sunfish in shallow, swift-moving reaches with smaller substrate sizes. 
Without suitable-sized structure to either promote entrainment (Webb, 1 998) or to maximize the 
size of vortices shed (Liao, 2007), it is feasible that increased metabolic costs associated with 
free-stream swimming could explain the lowest Longear Sunfish densities in shallow fast­
flowing reaches. Conversely, restored areas of Kickapoo Creek displayed rapid increases in 
Longear Sunfish abundance over a short temporal scale (less than six years) . Implementation of 
large boulders and instream structures following restoration may have provided sufficient 
velocity refugia to support habitat use by this species. 
Ecomorphological models for Longear Sunfish suggest increased metabolic demands 
associated with navigating altered flows may help explain habitat use and behavior. I highlight 
the need for more comprehensive assessment of restoration efforts, and propose a physiological 
mechanism underlying shifts in community structure following instream habitat alteration. 
Future research must further examine the performance and kinematics of swimming in turbulent 
flow, possibly through altering combinations of turbulence type, velocity, and vortex size to 
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better reflect natural conditions (Enders and Boisclair, 20 1 6) .  While most previous work has 
focused on the broader-level (i.e. population and community) ecological impacts of habitat 
alteration, it is imperative that future research works to develop more comprehensive 
multidiscipline approaches to managing instream restoration. 
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TABLES 
Table 2 . 1- Multiple linear regression (MLR) models describing the linear combinations of 
Qualitative Habitat Evaluation Index (QHEI) variables and their effects on abundance of 
Lon gear Sunfish in Kickapoo Creek. Variance inflation factors (VIP) were used to assess 
multicollinearity among model variables, and directionality of regression coefficients are 
designated by symbols (+/-). 
Model Terms VIF<2.0 sig. 
Channel Morphology Max Depth (-) 
Mean Depth (+) 





Small Cobble (-) 
Large Cobble ( +) 
Boulder (+) 
Debris Jams ( +) 
Logs (+) 
Submerged Vegetation ( +) 
Overhanging Vegetation (-) 
Canopy Cover (-) 
Pool Area (+) 
Run Area (+) 
Riffle Area ( +) 
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YES 0.64 <0.00 1 
YES 0 .6 1  <0.00 1 
NO 0 .30 0 .034 
Table 2.2- General linear models (GLM) describing the relationships between driving habitat 
variables and relative abundance of Longear Sunfish collected in Kickapoo Creek. 
Variable DF MS F R2 s1g. 
Silt Substrate 1 ,27 0 . 1 3 3  1 6 . 849 0 .393 <0.00 1 
Boulder Substrate 1 ,27 0 . 1 84 3 1 .000 0 .544 <0.00 1 
Mean Depth 1 ,27 0.203 39.22 1 0 .60 1 <0.00 1 
Submerged Vegetation 1 ,27 0. 1 72 27.03 1 0 .5 1 0  <0.00 1 
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Table 2.3- Two-factor ANOVA examining the relative cost of transport of Longear Sunfish 
swimming in quasi-laminar (control) and turbulent flow. Mass-corrected rates of metabolic 
oxygen consumption (Mo2) were standardized by the control mean for each fish. 
Term DF MS F sig. 
Treatment 1 0 .302 1 0 .274 0.008 
Fish 2 0.0 1 1 0 .3 6 1  0 .704 
Treatment x Fish 2 0 .0 1 1 0 . 361  0 .704 
Residual 1 2  0 .030 
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Figure 2 _  l-Locations of restored, reference, and impacted sites monitored within the Kickapoo 
Creek watershed boundary (WBD) in East-Central Illinois from 20 1 0  to 20 1 5 _ 
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Figure 2 .2- Experimental setup for respirometry. Graphical representation (top view) of vortex 
patterns approximately 20 cm downstream of the vertically-oriented cylinders (a), and schematic 
representation (downstream view) of the working section of the swim chamber (b ). Vorticity is 
given as a measure of fluid rotation per second while the velocity in the flume was 2 body 
lengths (BL) s· 1 • 
62 
0 . 5  --------------� 





0 . 3  
Q) 0 . 2  > 
:;::; ro 
Q) 0 . 1 
� 
0 . 5  
Q) u 0 . 4  c 
ro 
-0 c 0 . 3  ::::i .0 
<( 
Q) 0 . 2  > 
:;::; ro 
Q) 0 . 1 
� 
0 . 0  
• 
0 . 5  
• 
0 . 1 
• 




• y= 0 . 04 1 0  + 0 .635x 
R2=0 .39 
0 . 2  0 . 3  
% Si lt S u bstrate 
• 
. / 
. . / /  / 
/ 
. / /  
. / / 
/ 






0 . 5  
c.  
/ / / 
_., 
y • •  
/ ·. 
y= -0 . 1 1 0  + 0 . 2 1 0x 
R2=0.60 
• 
1 . 0 1 . 5 2 . 0  2 . 5  





0 . 1 0 . 2  
b .  
• 
• 
y= 0 . 0329 + 0 . 8 1 5x 
R2= 0 . 54 
0 . 3  0 . 4  0 . 5  




0 . 0 1  0 . 02 
d .  
• 
y= 0 . 0242 + 7 . 0 57x 
R2= 0 . 5 1  
0 . 03 0 . 04 0 . 05 
% Terrestria l  Vegetation 
Figure 2 .3- Relationships between driving habitat parameters and relative abundance of 
Longear Sunfish sampled in Kickapoo Creek. Longear Sunfish abundance was positively linked 
to increased abundance of silt (a) and boulder substrate (b ) , as well as mean depth ( c) and 
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Figure 2.4- General relationship between mean channel velocity and average relative 
abundance of Longear Sunfish sampled across all sampling years in reference, restored, and 
impacted sites in Kickapoo Creek. Dashed line represents a best-fit linear regression, and model 
results are presented within the plot. Error bars are ± s.e .m. 
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Figure 2 .5- Oxygen consumption of Longear Sunfish swimming at 2 body lengths (BL) s- 1 in 
quasi-laminar (control) and turbulent flow regimes. Mass-corrected rates of oxygen consumption 
(Mo2) were standardized by the control mean for each fish. Dissimilar letters represent 
significant difference at u=0.05 ,  and error bars are ± s.e.m. 
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CONCLUSIONS : MANAGEMENT IMPLICATIONS AND 
RECOMMENDATIONS FOR STREAM RESTORATION 
Restoration ecology is an inherently dynamic field in which managers must cope with 
and understand complex interactions in order to meet management goals .  Until recently, project 
methodologies varied greatly and effectiveness of restoration techniques remained ambiguous 
and largely untested (Alexander and Allan, 2006). In addition, there has been little agreement 
within the field regarding what constitutes a successful restoration (Palmer et al . ,  2005) . 
Effectiveness of restoration is constrained both temporally and spatially (Bond and Lake, 2003) ,  
and various recommendations have been made to support increased success .  Recent literature has 
helped better guide these complex projects in regards to developing well-defined success criteria 
(Palmer et al . ,  2005),  providing support for project design and monitoring (Roni, 2005),  and 
developing restoration hypotheses based in ecological theory (Palmer et al . ,  1 997;  Palmer et al . ,  
2005 ; Lake et al . ,  2007) .  However, i t  is still crucial that long-term monitoring projects continue 
to examine the complex interactions driving reach-scale restoration practices. 
In the case of Kickapoo Creek, habitat heterogeneity was restored to increase geomorphic 
stability and support long-term increases in biotic integrity. My study shows that the 
implementation of artificial riffles, rip-rap, scouring keys, and riparian vegetation facilitated 
long-term recovery of degraded fish communities. I observed distinct restructuring of fish 
assemblages following instream restoration, which positively impacted biotic integrity within the 
stream. Additional instream refugia (e.g. boulders, scour pools, and submerged vegetation) and 
suitable spawning habitat aided in the recovery of sensitive Centrarchidae and Catostomidae 
species. In tum, I observed significant decreases in the relative abundance of tolerant Cyprinid 
fishes which largely dominate degraded reference communities along Kickapoo Creek. Given an 
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appropriate amount of time and stable habitat conditions, it is apparent that sensitive taxa can 
respond positively to instream restoration and biotic integrity can be sustained above natural 
reference conditions. 
To mitigate the temporal and spatial constraints of restoration practices, I emphasize the 
importance of continuous temporal and spatial reference monitoring to accurately assess the 
relationships between community structure and habitat alteration. Since movement and dispersal 
of some stream fishes may be quite limited (Gerking, 1 95 8 ;  Berra and Gunning, 1 972; Mundahl 
and Ingersoll, 1 98 3 ;  Matheney and Rabeni, 1 995) ,  recolonization of degraded areas may depend 
largely on distance from source populations. Thus, long-term monitoring is necessary to cover 
the entire temporal scope of fish community recovery following perturbation. Further, I urge that 
future long-term monitoring should examine the long-term stability of increased biotic integrity 
within restored communities. When practical, I also recommend multiple or mixed restoration 
techniques during reach-scale restoration. Since various structures can positively impact habitat 
conditions and fish populations (Whiteway et al . ,  20 1 0), it is beneficial to consider the 
implications of more comprehensive practices to restore diverse communities. 
A relatively new discipline, conservation physiology may provide the additional tools 
needed to improve aquatic restoration practices (Wikelski and Cooke, 2006) . While ecological 
theory is well-defined, the physiological responses to environmental alterations have received 
less attention. In lotic environments, interactions between physical habitat and flow are complex, 
and a growing body of research seeks to understand the dynamic nature of turbulence and its 
relationship with biota (Liao, 2007) . I employed a physiological model in the monitoring of 
Kickapoo Creek to gain better insight into additional factors affecting the distribution and 
structuring of fish communities. Models for Longear Sunfish suggested increased metabolic 
67 
demands associated with navigating altered flows may help explain habitat use and behavior. I 
highlight the need for more comprehensive assessment of restoration efforts, and propose a 
physiological mechanism underlying shifts in community ecology following instream habitat 
alteration. Future research must further examine the performance and kinematics of swimming in 
turbulent flow, possibly through altering combinations of turbulence type, velocity, and vortex 
size to better reflect natural conditions (Enders and Boisclair, 20 1 6) .  While most previous work 
has focused on the broader-level (i .e .  population and community) ecological impacts of habitat 
alteration, it is imperative that future research works to develop more comprehensive, multi­
discipline approaches to managing instream restoration. 
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